Formulas by which the partial derivatives of the ellipsometric parameters A and A with respect to the angle of incidence can be calculated are presented.
Introduction
In ellipsometry measurements, the experimentally measured parameters A/ and A are related to the physical properties of the system by the relation
where rp and r are the complex reflection coefficients for light polarized parallel and perpendicular to the plane of incidence, respectively;" tan, is the relative amplitude attenuation and A is the relative phase change of the light polarized parallel and perpendicular to the plane of incidence. The magnitude of ,6 and A vary as a function of the angle of incidence at the specimen.' There are several types of systematic errors often encountered in ellipsometric measurements that produce angle-of-incidence errors and in turn produce errors in i6 and A. Such errors may arise, for example, from beam deviation in the optical elements, the use of an uncollimated light source, or investigating specimens with rough surfaces.
It has been shown that errors due to beam deviation in the polarizer are particularly important in zone-averaged measurements, 2 where the magnitude of the error in i, and A depends on the magnitude of the angular deviation of the polarizer and also on the magnitudes of the derivatives ddc and d/dO
All authors were with the Electrical Materials Laboratory, College of Engineering, University of Nebraska, Lincoln, Nebraska 68508 when this work was done; J. R. Zeidler is now at the U.S. Naval Underseas Center, San Diego, California 92132. Received 26 December 1973. evaluated at the angle of incidence of the undeviated beam. 2 Since the angular deviation produced by the polarizers supplied in typical commercial ellipsometers is typically between 0.01° and 0.050, and the desired accuracy of the measurements is typically on the order of 0.01°, d/dq and dA/d must be less than unity at the angles of incidence at which the measurements are made.
The use of highly convergent beams in ellipsometric measurements is a topic of current interest because the resultant decrease in beam size would allow the study of microscopically small specimens, thus leading to applications in the study of biological systems and in areas of materials technology such as integrated circuits. The errors produced by a highly convergent beam in an ellipsometric measurement have previously been analyzed. 3 In any measurements with an uncollimated light source, the measured values of ' and A represent the average values obtained over the finite range of the angles of incidence that compose the beam cross section. The average values of 6 and A thus depend on the variation of , 6 and A with respect to 0 and, in a given plane of incidence, the measured values of Ap and A are equal for a collimated and a convergent beam if a 2 V/O20 = 0 at a particular angle of incidence. 3 (In a spherically convergent beam, further corrections for the effect of tilting the planes of incidence are required. 3 )
Formulas have previously been derived 4 to determine the derivatives of the complex refractive index with respect to ,, A, X, and the film thickness, but these results are not directly applicable to the determination of the magnitude of the aforementioned angle-of-incidence errors. In this paper we derive the necessary derivatives and show how small angle- of-incidence errors can contribute to significant errors in A and^t'.
Determination of the Sensitivity of ' and A to Angle-of-Incidence Variations
The value of p in Eq.
(1) depends on the angle of incidence and on the refractive indices of the specimen, the immersion medium, and any surface films. If p is known, 'P and A can be determined by separating Eq.
(1) into its real and imaginary parts, i.e.,
Re(p) + j Im(p) = tan'P cosA + j tank sinA, (2) where Re(p) and Im(p) are the real and imaginary parts of p, respectively. Equating the real and imaginary terms of Eq. (2) and solving for A and ',
and
Similarly, the derivatives of ' and A with respect to the angle of incidence can be determined from. Eq.
(1) by differentiating Eq. (1) and equating the real and imaginary terms:
dMr(p)ao = sin 2 t' sinA(O'/ao) + cosA tan(A/ao/). (6) Solving Eqs. (5) and (6) simultaneously,
These equations describe -how the variations in i and A are related to the variations in the reflectivity ratio for an arbitrary system. The application of these equations to two specific systems is illustrated below. The calculation of the real and imaginary parts of p is easily performed on a digital computer.
A. Determination of the Sensitivity for a Clean Isotropic Specimen For a clean isotropic surface, the ratio of the reflection coefficients is given by'
where No = no -iko is the complex refractive index of the medium in which the specimen is immersed and N, = nj -ik, is the complex refractive index of the specimen. , and A can thus be determined at a given angle of incidence from Eqs. (3), (4), and (9) Figure 1 illustrates that iI is a strong function of the angle of incidence over a large angular range for a dielectric material. As the specimen becomes more metallic, the principal angle of incidence moves closer to 900 and the magnitude of 'P is less dependent upon the angle of incidence.
The sensitivity of ,6 and A to angle-of-incidence errors may be obtained by calculating the partial derivatives a0/la and aA/a. Taking the partial derivative of Eq. (9) If we calculate this derivative and substitute the real and imaginary terms into Eqs. (7) and ( Figure   2 illustrates that for a dielectric material, IO'/9k is greater than unity over a significant angular range.
As the specimen becomes more metallic, 8'P/la = 0 for a significant range of angles of incidence and ap- 
If we substitute Eqs. (17)- (26) into Eqs. (7) and (8), the sensitivity of 'P and A to angle-of-incidence errors can be determined for a given angle of incidence for a specific film-substrate configuration in terms of No, N, N 2 , t, and A. These results are illustrated in Fig. 3 for an air-SiO 2 -Si system in and 8A/aq5 are plotted in Fig. 3 as a function of the film thickness and the angle of incidence for the above system. Figure 3 illustrates that a'P/& is again greater than unity over a large angular range for a clean surface. As the film thickness increases, the magnitude of Ba'/0k and aA/O\ decreases. These results agree qualitatively with the experimental results previously obtained for Si-SiO 2 in various immersion media. 6
II1. Conclusions
The methods described provide a rapid and convenient method for determining the sensitivity of the ellipsometric parameters 'P and A to angle-of-incidence errors for a system in which the refractive indices can be estimated.
Specific examples are presented to illustrate the applications to a clean isotropic substrate and to an isotropic film on an isotropic substrate in an arbitrary immersion medium. The method can be extended to any system if the values of p and ap/a are known for the system of interest.
These results can be used directly to estimate the magnitude of the errors produced by beam deviation 2 and by the use of an uncollimated beam 3 in a specific system at a specific angle of incidence.
They can also be used to estimate the errors produced by surface roughness if the average surface roughness of the specimen is known. Graphs such as those given in Figs. 1-3 are also useful in determining the angular range of maximum sensitivity in both single and multiple angle-of-incidence ellipsometric measurements. 7 ' 8 The results reveal that aVP/da is greater than unity over a significant range of angles of incidence in many materials (particularly in dielectrics) and OA/ak > 1 near the principal angle of incidence for most materials. Since it is commonly suggested that ellipsometric measurements be made at angles of incidence near the principal angle of incidence, 7 -9 and since the ellipsometer is typically calibrated with a good dielectric, any effect which produces angle-of-incidence variations in the measurements can result in significant sources of error in many experiments unless the angular variation in ' and A is explicitly accounted for.
